Diabetes mellitus (DM) has become a global public health issue. The total number of adults worldwide experiencing DM was 415 million in 2015, and is estimated to increase to 642 million by 2040[@b1]. Substantial progress has been made in the treatment of diabetes in recent years. However, effective strategies to fight against its complications remain limited. Among the complications induced by DM, DCM is a leading cause of morbidity and mortality[@b2]. Epidemiological studies have shown that diabetic patients are exposed to a 2- to 5-fold increase risk in developing cardiac abnormalities compared with age-matched non-diabetics. Pathologically, diabetes induces cardiac dysfunction with no evidence of hypertension and coronary artery disease, and is characterized by myocardial insulin resistance, cardiac fibrosis, ventricular hypertrophy and heart failure[@b3].There are currently no effective approaches to treat DCM in the clinic. Thus, it is of great importance to clarify its molecular mechanisms and to search for potential compounds to provide protection against DCM.

Multiple mechanisms have been proposed to contribute to the pathophysiology of DCM. These include oxidative stress, inflammation, disordered calcium handling, mitochondrial dysfunction and fibrosis[@b4][@b5][@b6][@b7][@b8]. It has been demonstrated that AGEs are implicated in the pathogenesis of diabetes and represent a risk factor for its complications[@b9][@b10][@b11]. Additionally, high levels of AGEs appear to be tightly related to instances of DCM, which result in superfluous oxidative stress and inflammatory responses. Ko and his colleagues found that 400 μg/ml AGEs could increase ROS production through suppression of antioxidant Nrf-2 and downstream pathway in H9c2 cells[@b12]. Clinically, serum AGEs levels were increased not only in patients with osteoporosis (14.75 *vs.* 8.12 U/ml)[@b13], but in DM patients with vascular complications (3.40 *vs.* 1.12 μg/ml)[@b14], indicating that AGEs are associated with cardiac injury resulting from DCM. Both oxidative stress, and inflammation directly triggered by persistent high glucose or AGEs, may occur as upstream events. Crosstalk between oxidative stress and inflammation signaling can feed back to further disturb each other[@b15]. Thus, to inhibit oxidative stress and inflammation simultaneously seems to be a favorable strategy for the treatment of DCM.

Myricitrin ([Fig. 1A](#f1){ref-type="fig"}) is an important flavone distributed in the root bark of *Myrica cerifera, Myrica esculenta, Ampelopsis grossedentata* and other plants. Our group previously found that Myr could prevent endothelial cell apoptosis by activating PI3K/Akt signaling. It was further verified in our laboratory that Myr could also suppress H9c2 cell apoptosis induced by high glucose[@b16]. In addition, Myr was reported to possess anti-inflammatory and anti-fibrotic properties[@b17]. Nevertheless, the protective effects of myricitrin on DCM has not yet been investigated.

In this study, we investigated the potential protective role of myricitrin in diabetic hearts and in H9c2 cardiomyocytes exposed to AGEs. We found that Myr effectively ameliorated the cardiac dysfunction of diabetic mice and prevented cardiomyocyte apoptosis by up-regulating Nrf2, and down-regulating NF-κB signaling.

Results
=======

Myricitrin protects H9c2 cardiomyocytes from AGEs-induced cell death
--------------------------------------------------------------------

To investigate the protective effects of Myr on AGEs-induced H9c2 cardiomyocyte death, we initially evaluated the general toxicity of AGEs. The H9c2 cells were incubated with a series of AGEs concentrations (0, 50, 100, 200, and 400 μg/ml) for 12, 24, and 36 h, respectively. An MTT assay was employed to measure cell viability. As shown in [Fig. 1B](#f1){ref-type="fig"}, cell viability was decreased to 60.34 ± 6.52% when treated with 400 μg/ml AGEs for 36 h. Thus, this study used 400 μg/ml AGEs in subsequent experiments. The cytotoxic effect of the agent on H9c2 cells was simultaneously measured. After treatment with various doses (3.12--100 μg/ml) of Myr for 24 h, no significant change in cell viability was observed ([Fig. 1C](#f1){ref-type="fig"}). Subsequently, the potential cardioprotective effects of Myr against AGEs-induced H9c2 cardiomyocytes injury were assessed. As shown in [Fig. 1D](#f1){ref-type="fig"}, cell viability increased to 70.52 ± 6.51%, 73.67 ± 5.30%, and 78.94 ± 4.52% with pretreatment with different doses (6.25. 12.5 and 25 μg/ml, respectively) of Myr for 12 h compared with exposure to only 400 μg/ml AGEs for 36 h. The optimal concentration and pretreatment time with Myr was 25 μg/ml and 12 h respectively. These results indicated that Myr could prevent H9c2 cardiomyocytes from AGEs-induced cell death.

Myricitrin inhibits AGEs-induced inflammation and oxidative stress in H9c2 cells
--------------------------------------------------------------------------------

Previous study has demonstrated inflammation in diabetes, which features NF-κB activation induced by AGEs[@b18]. Thus, we examined the effects of Myr on NF-κB signaling and the inflammatory cytokine, TNF-α. Incubation with AGEs for 36 h in H9c2 cells significantly promoted TNF-α and phospho-IKK-β expression, and the translocation of P65 from cytosol to the nucleus. These alterations were markedly reduced by the pretreatment with Myr at 25 μg/ml ([Fig. 2A,B](#f2){ref-type="fig"}).

Besides inflammation, oxidative stress is a key mechanism involved in the pathogenesis of cardiovascular disease in diabetes. The above two can be concurrently induced by excess AGEs[@b19]. Intracellular ROS levels were assessed by measuring mitochondrial superoxide using MitoSOX Red. Compared with the control, AGEs treatment significantly increased ROS production in H9c2 cells by almost 3-fold. However, Myr preconditioning markedly reduced this increase ([Fig. 2C,D](#f2){ref-type="fig"}, *p* \< 0.01).

Many anti-oxidant genes, such as heme oxygenase-1 (HO-1) and quinine oxidoreductase 1 (NQO-1), both of which are regulated by the Nrf2 signaling, have been implicated in fighting against oxidative stress. We examined the impact of Myr on Nrf2-regulated antioxidant enzymes. Western blot analysis showed that AGEs significantly down-regulated Nrf2 expression and inhibited its translocation from the cytosol to the nucleus, and that this could be reversed by the pretreatment of H9c2 cells with Myr ([Fig. 2E,F](#f2){ref-type="fig"}, *p* \< 0.01). Consistent with Nrf2 changes, Myr markedly attenuated the inhibition of NQO-1, γ-GCS, and HO-1 expression induced by AGEs (*p* \< 0.01). These results collectively demonstrate that Myr plays potent cardioprotective roles in the suppression of inflammation and oxidative stress via the regulation of NF-κB and Nrf2 signaling.

Myricitrin attenuates AGEs-induced mitochondrial injury and apoptosis in H9c2 cells
-----------------------------------------------------------------------------------

Numerous studies have shown that inflammation and oxidative stress are associated with apoptosis, which is a key factor contributing to DCM[@b20][@b21]. JC-1 staining was used to detect the disruption of mitochondrial transmembrane potential (MTP), one of the early events of mitochondrial pathway activation of apoptosis. As shown in [Fig. 3A](#f3){ref-type="fig"}, mitochondria in normal H9c2 cells emitted red fluorescence after they were stained by JC-1. AGEs caused an increase in green fluorescence in H9c2 cardiomyocytes, indicating the depolarization of MTP. Myr preconditioning significantly restored MTP and increased the red to green ratio by a wide margin (*p* \< 0.01, [Fig. 3A](#f3){ref-type="fig"}). We further performed a TUNEL assay to examine the protective role of Myr in AGEs-induced H9c2 apoptosis. As shown in [Fig. 3B](#f3){ref-type="fig"}, the percentage of TUNEL-positive cells (green) was 15.69% in the AGEs group, and 2.54% in the control group (*p* \< 0.01). Pretreatment with Myr significantly reduced the percentage to 7.47% (*p* \< 0.01, [Fig. 3B](#f3){ref-type="fig"}). Consistent with the TUNEL assay results, Annexin V/PI staining and quantitative analysis by flow cytometry showed that 17.82 ± 2.2% of H9c2 cells were apoptotic in AGEs treated cells. Myr markedly decreased the percentage of apoptotic cells down to 9.68 ± 1.57% (*p* \< 0.01, [Fig. 3C](#f3){ref-type="fig"}). Proteins involved in the mitochondrial pathway of apoptosis were further assayed by western blot analysis. As shown in [Fig. 3D](#f3){ref-type="fig"}, Myr preconditioning reversed the effects of AGEs by decreasing Bcl-2 and increasing Bax expression levels. Similarly, both caspase-3 and caspase-9 were also upregulated in H9c2 cells treated by AGEs, and their expression levels were down-regulated with Myr pretreatment (8.11 vs. 3.44, 4.81 vs. 2.33, respectively, *p* \< 0.01, [Fig. 3D and F](#f3){ref-type="fig"}). Additionally, Myr pretreatment significantly inhibited the expression of cleaved caspase-3 and cleaved caspase-9 ([Supplementary Figure 1](#S1){ref-type="supplementary-material"}). Consistent with the western blotting results, caspase-3 and caspase-9 activities were significantly higher in the AGEs group than those in the control group. Myr showed inhibitory effects on the activation of these caspase enzymes (*p* \< 0.01, [Fig. 3E](#f3){ref-type="fig"}). These results collectively indicate that Myr possesses promising anti-apoptotic effects in cardiomycytes treated by AGEs.

Myricitrin attenuates AGEs-induced pro-fibrotic and pro-hypertrophic responses in H9c2 cardiomyocytes
-----------------------------------------------------------------------------------------------------

Pro-fibrotic markers were detected in AGEs-induced H9c2 cells pretreated with or without Myr. Collagen I expression was assayed by immunofluorescence staining ([Fig. 4A](#f4){ref-type="fig"}). AGEs resulted in a clearly increased collagen I production in the H9c2 cells. As well, we observed that the expression of the pro-fibrotic proteins, TGF-β1 and collagen I, were significantly increased after 36 h AGEs incubation, as indicated by western blot analysis ([Fig. 4B](#f4){ref-type="fig"}). These alterations were significantly mitigated by pretreatment with Myr (*p* \< 0.01, [Fig. 4B](#f4){ref-type="fig"}).

Cardiomyocyte hypertrophy also plays key roles in the pathological development of DCM. The effect of Myr on H9c2 cell hypertrophy was observed using light microscopy. H9c2 cardiomyocytes were pretreated with Myr for 12 h and then incubated with AGEs for 36 h. As shown in [Fig. 4C](#f4){ref-type="fig"}, the AGEs-induced increase in cardiac cell size was clearly suppressed by Myr pretreatment. Subsequently, real-time qPCR was performed to determine the mRNA levels of cardiac hypertrophy-associated transcripts, including ANP, BNP, and CTGF. We observed that these mRNA levels were considerably higher in the AGEs-treated cells compared with those in the control group (3.58, 2.27 and 3.88-fold of the control, respectively, *p* \< 0.01), and could be down-regulated by Myr preconditioning ([Fig. 4D](#f4){ref-type="fig"}). Thus, Myr possesses effective anti-fibrotic and anti-hypertrophic activities in H9c2 cells induced by AGEs.

Myricitrin exerts cardiac protective effects by activating the PI3K/Akt pathway and Nrf2/ARE signaling
------------------------------------------------------------------------------------------------------

It has been reported that Akt plays key roles in the phosphorylation of Glycogen synthase kinase-3β (GSK-3β), which is an inactive form of GSK-3β. The PI3K inhibitor LY294002 was employed to further confirm the key role of the PI3K/Akt pathway in the protective effects of myricitrin pretreatment. Results from western blotting showed that AGEs significantly suppressed Akt phosphorylation and subsequently inhibited GSK-3β phosphorylation ([Fig. 5A--C](#f5){ref-type="fig"}). Myr pretreatment was found to promote the phosphorylation of Akt and GSK-3β, which could be abolished by Akt inhibitor (LY294002). Furthermore, Nrf2, HO-1 and NQO-1 expression levels were correspondingly reversed ([Fig. 5A and D](#f5){ref-type="fig"}). These results collectively indicate that myricitrin activates Nrf2-mediated anti-oxidant signaling via activation of Akt pathway.

Myricitrin improves cardiac function and attenuates diabetes-induced cardiac pathological alterations
-----------------------------------------------------------------------------------------------------

M-mode echocardiography was performed to assess the cardiac function at 8 weeks after streptozotosin (STZ) injection into mice. LVVd, EF%, and LV mass significantly decreased in diabetic mice compared with a control group, while Myr treatment rescued the attenuated LVVd, EF%, and LV mass in diabetic mice (*p* \< 0.05, or *p* \< 0.01, [Fig. 6A,B](#f6){ref-type="fig"}). Hemotoxylin and eosin staining of heart tissue showed that myocardial fibers arranged regularly and cardiac myocytes showed normal morphology in the control group ([Fig. 6C](#f6){ref-type="fig"}). However, in the diabetic model group, the arrangement of cardiac fibers was disordered and the cardiac myocytes appeared swollen. Myr treatment ameliorated these structural abnormalities in the hearts of diabetic mice. In comparison, the impact of metformin on diabetic heart was not as potent as Myr. Additionally, Masson staining was performed to investigate cardiac fibrosis resulting from collagen deposition. As is shown in [Fig. 6D](#f6){ref-type="fig"}, conspicuous fibrosis was found in diabetic hearts, with destroyed and disorganized collagen network structure in the interstitial and perivascular areas. In contrast, the fibrotic alterations in the heart were dramatically improved when diabetic mice were treated with 300 mg/kg Myr.

Western blot analysis was employed to determine protein levels of collagen I as well as TGF-β1, which stimulates collagen production. As shown in [Fig. 6F](#f6){ref-type="fig"}, diabetes promoted the expression of both collagen I and TGF-β1 levels, as compared to the control group (6.63 and 2.01-fold of control, respectively, *p* \< 0.01). Myr treatment significantly down-regulated the increased collagen I and TGF-β1 expression levels in a dose-dependent manner (*p* \< 0.05 or *p* \< 0.01). However, the benefit of metformin to these fibrotic proteins was weak. Consistent with the pathological changes, serum lactate dehydrogenase (LDH), creatine kinase (CK), and aspartate transaminase (AST) levels were increased in the diabetic model group compared to those of the control group, and this increase was abrogated by Myr treatment (*p* \< 0.05 or *p* \< 0.01, [Fig. 6E](#f6){ref-type="fig"}). These results collectively revealed that Myr is able to improve the abnormalities of cardiac function as well as cardiac pathological alterations brought about by long-term high glucose.

Myricitrin attenuates diabetic myocardial inflammation and promotes the expression of Nrf2-mediated anti-oxidative enzymes
--------------------------------------------------------------------------------------------------------------------------

We further examined the anti-inflammatory and anti-oxidative effects of Myr in diabetic animals. Serum inflammatory cytokines IL-6 and TNF-α were detected using ELISA kits. As shown in [Fig. 7B](#f7){ref-type="fig"}, IL-6 and TNF-α levels in diabetic mice were significantly higher than those in normal mice (112.41 *vs.* 14.36 pg/ml, 56.21 *vs.* 16.35 pg/ml, respectively, *p* \< 0.01), which were reduced to 35.72 and 24.83 pg/ml, respectively (300 mg/ml Myr, *p* \< 0.01). The effects on TNF-α and P65 expression was subsequently examined by western blot analysis. The increase in levels of TNF-α and P65 in diabetic hearts was attenuated by treatment with Myr in a dose-dependent manner (*p* \< 0.05 or *p* \< 0.01, [Fig. 7A and D](#f7){ref-type="fig"}). In addition, metformin showed a meliorative effect on inflammatory cytokines and P65 in diabetic mice.

The anti-oxidative enzymes regulated by Nrf2 signaling are key contributors to fight against oxidative stress under pathological conditions. In accordance with our *in vitro* results, Nrf2, HO-1 and NQO-1 were markedly inhibited in diabetic mice compared to the control group ([Fig. 7A](#f7){ref-type="fig"}). This was reversed by Myr treatment in a dose-dependent manner (*p* \< 0.05 or *p* \< 0.01, [Fig. 7A and C](#f7){ref-type="fig"}). Interestingly, the regulative effect of metformin on Nrf2 was insignificant. However, HO-1 and NQO-1 levels in the met group were significantly higher than those in the diabetic model group. Together, these results indicate that Myr can effectively attenuate inflammation and activate anti-oxidative enzymes through Nrf2 signaling.

Myricitrin attenuates apoptosis in diabetic myocardiocytes through the activation of Akt signaling and the inhibition of ERK1/2 signaling
-----------------------------------------------------------------------------------------------------------------------------------------

To further elucidate the mechanism of action of Myr in the protection of diabetes-induced apoptosis, we examined the levels of Akt, ERK1/2 and apoptotic related proteins by western blot analysis. As shown in [Fig. 8A](#f8){ref-type="fig"}, the dramatic increase in Bax/Bcl-2 ratio, caspase-3, caspase-9, cleaved-caspase-3, and cleaved-caspase-9 expression in diabetic mice was reduced by Myr treatment (*p* \< 0.01). The PI3K/Akt and ERK1/2 pathways are involved in multiple cellular processes, including cell growth and survival. Numerous studies indicate that they signal upstream of Nrf2[@b22]. Results from western blotting showed that phosphorylation of Akt and phosphorylation of ERK1/2 were significantly inhibited and activated in diabetic hearts, respectively (0.43, 6.96-fold of control, respectively, *p* \< 0.01, [Fig. 8B](#f8){ref-type="fig"}). Also, the phosphorylation of GSK-3β located at downstream of Akt was inhibited in diabetic hearts ([Fig. 8B and D](#f8){ref-type="fig"}), which was closely to the degradation of Nrf2. Myr treatment was found to enhance the phosphorylation of Akt and GSK-3β and to restrain the phosphorylation of ERK1/2, exerting its anti-oxidative and anti-inflammatory roles in the protection against DCM.

Discussion
==========

This study has shown, for the first time, that treatment with Myr can significantly protect the heart from the structural and functional alterations that are associated with cardiac inflammation, oxidative stress and apoptosis in STZ-induced diabetic mice. *In vitro* AGEs-induced H9c2 cardiomyocyte injury, characterized by cell fibrosis and hypertrophy accompanied by aggressive inflammation and oxidative stress, could effectively be attenuated by Myr preconditioning. These findings reveal that Myr might be a potential therapeutic agent to fight against diabetic cardiomyopathy.

In recent years, great progress has been made in the treatment of DCM. Continuous high glucose in diabetes results in multiple detrimental outcomes, including the production of inflammatory cytokines and AGEs. Abnormal metabolic function is closely correlated with increased AGEs, which is involved in the pathogenesis of diabetes as well as related complications. It has been well accepted that the overproduction of AGEs in diabetes is a risk factor for DCM[@b23][@b24][@b25]. In our own *in vitro* experiments, AGEs were confirmed to induce H9c2 cardiomyocyte injury. The mechanism that causes cardiac injury by AGEs is complex and diverse. Inflammatory and oxidative stress responses are the main drivers of pathogenesis in DCM. These conditions are activated by AGEs, which interact with RAGE, a specific receptor on cell surfaces[@b26][@b27]. AGEs increase the generation of oxygen radicals, which in turn, themselves, activate specific signaling pathways. In particular, this stimulates the nuclear translocation of NF-κB, which plays a pivotal role in the control of inflammatory responses and apoptosis[@b28]. Consistent with previous literature, in our study, Myr was found to reduce the AGEs/diabetes-induced activation of NF-κB and pro-inflammatory cytokine levels both *in vitro* ([Fig. 2A and B](#f2){ref-type="fig"}) and *in vivo* ([Fig. 7A and B](#f7){ref-type="fig"}), which contributes to its protection against DCM.

An early hallmark of DCM is left ventricular (LV) diastolic dysfunction, which precedes the onset of systolic dysfunction[@b29]. The pathogenesis of LV dysfunction in the diabetic heart has not been fully clarified. In the present study, STZ injection resulted in morphological alterations to heart tissue, increased interstitial collagen deposition, and up-regulation of TGF-β1, indicating obvious cardiac fibrosis and hypertrophy, which eventually cause the development of DCM. M-mode echocardiography showed that LV end diastolic volume (LVVd) significantly decreased in the diabetic model group compared to the control group, which indicated LV diastolic dysfunction.

Myr treatment significantly attenuated cardiac morphological abnormality, suppressed interstitial collagen deposition, reversed the decreased LV mass, and eventually mitigated cardiac dysfunction ([Fig. 6A--E](#f6){ref-type="fig"}). In line with the pathological changes induced by STZ, Myr reduced the elevated serum LDH, CK, and AST levels. In addition, AGEs induction of H9c2 cell fibrosis and hypertrophy was investigated. We found that AGEs incubation induced H9c2 cell fibrosis and hypertrophy as indicated by the up-regulation of TGF-β1 and collagen I protein levels as well as ANP, BNP and CTGF mRNA levels. These changes were ameliorated by Myr preconditioning ([Fig. 4](#f4){ref-type="fig"}). Interestingly, metformin did not show equal or better cardiac protective effect as Myr. The key point is the mechanistic difference between these two agents. Metformin can specially activate AMPK, subsequently exerting the role in relieving hyperglycemia[@b30] and anti-inflammation[@b31]. In comparison with metformin, Myr not only could ameliorate oxidative stress and inflammation through Akt-dependent activating Nrf2 signaling and inhibiting NF-κB pathway ([Fig. 7A, C and D](#f7){ref-type="fig"}), but could significantly suppressed TGF-β1 signaling mediating the expression of collagen I that was tightly related to cardiac fibrosis.

Chronic high glucose and AGEs in diabetes alter normal homeostasis, resulting in an increase in the generation of ROS[@b32][@b33]. Treatment with Myr could effectively promote Nrf2 expression and its translocation to the nucleus, which in turn up-regulated HO-1, NQO-1, and γ-GCS to eliminate ROS both *in vitro* ([Fig. 2E and F](#f2){ref-type="fig"}) and *in vivo* ([Fig. 7A and C](#f7){ref-type="fig"}). Inflammation and oxidative stress are directly related to apoptosis in the hearts of diabetic patients and animals[@b20][@b21][@b34]. Given that Myr ameliorated AGEs-induced oxidative stress, we hypothesized that it subsequently suppressed cardiomyocyte apoptosis. Metabolic disorders of mitochondria induce superfluous ROS generation and are closely associated with apoptosis. In the current study, AGEs incubation resulted in a loss of mitochondrial membrane potential (mtPTP opening), which was restored by pretreatment with Myr. Subsequently, results from TUNEL and Annexin V/PI staining showed that Myr preconditioning could mitigate H9c2 cells apoptosis induced by AGEs ([Fig. 3C and D](#f3){ref-type="fig"}). As Bcl-2 family proteins are main mediators of apoptotic processes, Bax and Bcl-2 are reported to regulate mitochondrial permeability. In accordance with previous studies[@b35][@b36], AGEs or hyperglycemia in diabetic mice can increase the Bax/Bcl-2 ratio by generating superfluous ROS, which can decrease mtPTP and subsequently activate caspase-3 expression. Treatment with Myr reduced the expression of pro-apoptotic Bax, and increased expression of the anti-apoptotic Bcl-2, indicating that inhibition of cardiac cell apoptosis may be one of pivotal mechanisms by which Myr attenuates DCM.

The serine/threonine kinase Akt is an important component of the intracellular signaling pathways tightly linked with apoptosis, insulin resistance, and acute myocardial ischemia/reperfusion injury[@b37][@b38][@b39]. Akt signaling can impact on crosstalk with other signaling pathways including MAPK signaling, and NF-κB signaling pathways. Additionally, the ERK signaling pathway is reported to be involved in DCM, wherein ERK is significantly phosphorylated and inhibits Nrf2 signaling, resulting in cell hypertrophy[@b12][@b40]. Furthermore, our previous studies have confirmed that phosphorylation of Akt regulates Nrf2 activation and HO-1 expression[@b16][@b41]. However, the impacts of Myr on Akt and ERK signaling in the diabetic heart were unclear. As we hypothesized, not only was phospho-Akt inhibited, but phospho-ERK was activated in diabetic animals, both of which could be reversed by Myr in a dose-dependent manner ([Fig. 8B](#f8){ref-type="fig"}). Increasing evidence has revealed a novel mechanism of Nrf2 regulation that is independent of keap1. Chowdhry *et al*. found that Nrf2 is controlled by two distinct β-TrCP recognition motifs in its Neh6 domain, one of which can be modulated by GSK-3 activity. Nrf2 contains two motif, including DSAPGS and DSGIS, and the later could be phosphorylated by GSK-3[@b42]. Rada *et al*. also found that SCF/β-TrCP (DSGIS) promotes GSK-3-dependent degradation of the Nrf2 transcription factor in a Keap1-independent manner, indicating that activated GSK-3 phosphorylated Nrf2 in the Neh6 domain to promote recognition of Nrf2 by β-TrCP and subsequent protein degradation[@b43]. AGEs could inhibit Akt activation and subsequently facilitated functional GSK-3 to result in degradation of Nrf2. Both the activation of Akt and phosphorylation of GSK-3β by Myr in turn regulate Nrf2 signaling to attenuate oxidative stress in DCM.

The relationship between cardiovascular disease and diabetes is complex and is assciated with multiple facts. This research mainly focuses on observing the cardioprotective effects of Myr on oxidative stress and inflammation induced by superfluous AGEs and hyperglycemia. However, Recent researches have reported that calcium release channel controls insulin release and glucose homestasis, which is tightly related to diabetic cardiovascular diseases and heart failure[@b44][@b45][@b46][@b47][@b48]. Thus, it would be interesting to investigate whether Myr has a cardioprotective effect through regulation of calcium release channel. Another limitation is related to the animal models. Type 2 diabetic animals such as db/db or ob/ob mice are also suitable for modeling DCM. Furthermore, the protective effects of Myr in Nrf2-knockout H9c2 cardiomyocytes is unknown. Finally, how Akt and ERK signaling affects each other is not fully understood. Thus, our future studies will address these questions.

In summary, we have shown that Myr possesses cardioprotective effects against DCM in an STZ-induced mouse model. This occurs via the activation of Akt and inhibition of ERK signaling, and the suppression of cardiac oxidative stress, inflammation, and apoptosis. Also, we have demonstrated that Myr can attenuate AGEs-induced H9c2 fibrosis and hypertrophy. Accordingly, Myr should be considered as a potential therapeutic medicine to prevent diabetic cardiomyopthy.

Methods
=======

Animals
-------

The BALB/c mice (male, 6--8 weeks old) used in this study were purchased from Vital River Laboratory Animal Technology (Beijing, China). The mice were maintained under standard laboratory conditions (room temperature at 22 °C, humidity of 60% with a 12 h light/dark cycle) and fed with a standard pellet diet and water *ad libitum*. All of the procedures were performed in accordance with the guidelines of the Experimental Laboratory Animal Committee of Chinese Academy of Medical Sciences and Peking Union Medical College and the principles and guidelines of the National Institutes of Health Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85--23, revised 1996), and approved by the Experimental Laboratory Animal Committee of Chinese Academy of Medical Sciences and Peking Union Medical College. All sacrifices were performed under pentobarbitone anesthesia, and every effort was made to minimize animal suffering.

After one week adaptation, DM was induced by a single intraperitoneal (i.p.) injection of STZ (Sigma Chemicals, St. Louis, MO) at the dose of 150 mg/kg dissolved in 100 mM citrate buffer (pH 4.5). Control animals received intraperitoneal injection of citrate buffer. One week later, tail blood glucose levels were measured using a glucometer (Roche). Mice with fasting-blood glucose \>12 mmol/L were considered diabetic and were used for the further experiment. The mice were randomly divided into 6 groups: (1) control group (Control); (2) diabetic model group (DM, Model); (3) DM + metformin 200 mg/kg/day group (Met); (4) DM + Myr 75 mg/kg/day group (Low); (5) DM + Myr 150 mg/kg/day group (Middle); (6) DM + Myr 300 mg/kg/day group (High). Drinking water with aseptic carboxymethyl cellulose sodium (CMC-Na, 0.5%) was used as the vehicle to dissolve the powders. Myricitrin or metformin was fed to the mice by gavage every day for 8 weeks. The control and model groups received the aseptic 0.5% CMC-Na treatment every day (i.g.). Doses of myricitrin and metformin used were based on the previous studies [@b41][@b49].

Echocardiographic measurements
------------------------------

M-mode echocardiography was performed using Vevo 770™ High Resolution Imaging System (VisualSonics Inc, Canada) as previously described[@b50]. The mice were anaesthetized with abdominal injection of avertin (2,2,2-tribromoethanol, prepared as a 1.2% solution and used in mice at a dosage of 0.2 ml/10 g body weight). The chests of the mice were shaved, which were then placed in the recumbent position. LV end-diastolic volume (LVVd), ejection fraction (EF), and LV Mass (AW) were automatically calculated by the ultrasound machine.

Heart Histopathological Examination
-----------------------------------

At the end of the experiment, hearts of the mice were excised, the left ventricles were fixed in 4% buffered paraformaldehyde for more than 48 h and embedded in paraffin blocks, sectioned, stained with hematoxylin and eosin or Masson stain, and examined using a light microscope by a pathologist who was blinded to the groups under study.

Measurement of myocardial enzymes activities
--------------------------------------------

Serum myocardial enzyme activities of LDH, CK and AST were measured with corresponding detection kits according to the manufacturer's instructions (Nanjing Jiancheng Bioengineering, China).

ELISA for detection of IL-6 and TNF-α levels
--------------------------------------------

Blood samples were collected from the eye socket vein of the mice after eight weeks of drug treatment. IL-6 and TNF-α levels in the blood were determined by ELISA kit (Biolegend lnc.) according to the manufacturer's recommendations. OD value was detected using a microplate reader at 450 nm (MQX 200, BioTek Instruments, Winooski, VT, USA).

Real-time qPCR
--------------

TRIzol Reagent was used to extract total RNA. RNA concentrations and purities were quantified using spectrophotometer (Nanodrop 2000c, Thermo Fisher). cDNA was synthesized using PrimeScript master mix reagent Kit. Then Real-time PCR was carried out using SYBR Premix Ex Taq reagent Kit (Takara Biotechnology (Dalian) Co., Ltd.) in a Bio-Rad C1000 detecting system (Bio-Rad Laboratories, Hercules, CA, USA). Primers used for real-time RT-PCR were as follows: mouse ANP sense, 5′-GTGCGGTGTCCAACACAGAT-3′ and antisense, 5′-TCCAATCCTGTCAATCCTACCC-3′; mouse BNP sense, 5′-CTGAAGGTGCTGTCCCAGAT-3′ and antisense, 5′-GTTCTTTTGTGAGGCCTTGG-3′; mouse CTGF sense, 5′-ACTATGATGCGAGCCAACTGC-3′ and antisense, 5′-TGTCCGGATGCACTTTTTGC-3′; mouse β-actin sense, 5′-TGCACCACCAACTGCTTAG -3′ and antisense, 5′-GGATGCAGGGATGATGTTC-3′. β-actin was used as control of mRNA expression. The fold change for all the samples was calculated by2^−△△Ct^ methods.

Materials
---------

Myricitrin was isolated from the grounded barks of *Myriace rubrae* and was identified by Professor Rui-le Pan. The purity is over 99%, as detected by high-performance liquid chromatography (UV and DAD)[@b41]. Metformin (Sino-American Shanghai Squibb Pharmaceuticals Ltd,) was used as the positive control in this study. All cell culture materials, Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum (FBS), and penicillin/streptomycin were obtained from Gibco (NY, USA). The kits for determining the CK, LDH and AST enzyme levels were purchased from Jiancheng Bioengineering Institute (Nanjing, China). Akt inhibitor (LY294002) was purchased from Selleckchem (TX, USA). Primary antibodies against Akt, p-Akt, GSK-3β, p- GSK-3β, P65, p-IKKβ, TNF-α, ERK, p-ERK, TGF-β1, Collagen I, Caspase-3, Caspase-9, Bcl-2, Bax, Nrf2, HO-1, NQO-1, γ-GCS, Lamin B1 and β-actin were obtained from Santa Cruz Biotechnology (CA, USA). FITC-anti-rabbit IgG second antibody was purchased from Molecular Probes (Life Technologies, CA, USA).

Preparation of AGE-BSA
----------------------

AGE-BSA was prepared according to the protocol of Zhang *et al*.[@b51]. Briefly, 0.07 g bovine serum albumin in PBS was incubated with 0.7926 g D-glucose at 37 °C for eight weeks. Control albumin was incubated without glucose. Endotoxin was removed by Pierce endotoxin removing gel and was determined by ToxinSensor™ chromogenic LAL Endotoxin Assay Kit (GenScript, Piscataway, NJ, USA), which was less than 500  U/L.

Cell culture and treatment
--------------------------

Rat embryonic cardiomyoblast-derived H9c2 cardiomyocytes were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China) and cultured in DMEM (Gibco, glucose content, 5.5 mM), supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin in a 5% CO2 atmosphere at 37 °C. For all experiments, the cells were plated at an appropriate density according to the experimental design and were grown for 24 h to reach 70--80% confluence before experimentation. The cells were divided into following groups: (1) BSA group (Control); (2) BSA + Myiricitrin group (Myr); (3) AGE-BSA group (AGEs); (4) AGE-BSA + Myricitrin (AGEs + Myr). H9c2 cells were places in 96-well places at 8 × 10^3^ per well for 24 h. The cells first treated for 12, 24 and 36 h with various concentrations of AGEs.

Cell viability and morphological analysis
-----------------------------------------

MTT assay was employed to determine the cell viability of the H9c2 cardiomyocytes. Cells cultured in 96-well plates (8 × 10^3^ cells/well) were incubated with MTT solution (1 mg/ml final concentration) at 37 °C for 4 h after the different treatments. The formazan crystals were dissolved with dimethyl sulfoxide (DMSO, 150 μl/well), and the absorbance was detected at 570 nm on a microplate reader. Cell viability was expressed as the percentage of MTT reduction compared with the control conditions. To visualize the morphological change, after treatment H9c2 cells were fixed with 4% paraformaldehyde ans observed using a light microscope (200 × amplification, Nikon, Japan).

Detection of Mitochondrial Superoxide (ROS)
-------------------------------------------

MitoSOX Red (Molecular Probes), a mitochondrial superoxide indicator, was employed to detect mitochondrial superoxide production in H9c2 cells as described previously[@b52]. Briefly, after treatment, the cells were washed once with PBS and incubated with MitoSOX Red (5 μM) in the dark at 37 °C for 10 min. The cells were washed with PBS and then observed with a fluorescence microscope. The fluorescence of MitoSOX Red was detected on a microplate reader at the excitation and emission wavelengths of 510 nm and 580 nm, respectively. As well, the fluorescence was analyzed by flow cytometry (BD Biosciences, USA).

Mitochondrial transmembrane potential (∆Ψm)
-------------------------------------------

JC-1 (Invitrogen, Waltham, MA, USA) was used to determine the changes in mitochondrial transmembrane potential as previous reported[@b19]. Briefly, after treatment, H9c2 cardiomyocytes were incubated with JC-1 (5 μmol/L) in the dark at 37 °C for 30 min and were then washed with PBS followed by fluorescence microscopy (DM4000B, Leica, Germany).

Terminal Deoxynucleotidyl Transferase-mediated dUTP Nick End Labelling (TUNEL) Staining
---------------------------------------------------------------------------------------

Apoptotic H9c2 cardiomyocytes were visualized by TUNEL staining according to the manufacturer's instructions (Biovision, Milpitas, CA, USA). Briefly, H9c2 cells were cultured in 24-well plates for 24 h. After treatment, the cells were fixed with 1% paraformaldehyde for 15 min. After twice washes with PBS, incubated the cells in the DNA labeling solution for 60 min at 37 °C, and then incubated the cells with anti-BrdU-FITC antibody solution in the dark for 30 min. Images were captured using a fluorescence microscope, and the apoptotic cells were counted with at least 100 cells from five randomly selected fields in each group.

Flow cytometric detection of apoptosis
--------------------------------------

After the cardiomyocytes cells were treated with AGEs, apoptosis was determined by Annexin V-FITC/PI Apoptosis kit according to the manufacturer's instructions (Invitrogen, USA). In brief, the H9c2 cells were harvested, washed twice with cold PBS, incubated with the 5 μl FITC-Annexin V and 1 μl PI working solution (100 μg/ml) for 30 min in the dark at room temperature, and cellular fluorescence was measured by flow cytometry analysis.

Analysis of caspase-3 and caspase-9 activities
----------------------------------------------

Caspase-3 and caspase-9 activities were evaluated with Fluorometric Assay Kits (BioVision, USA) according to the manufacturer's instructions respectively. Briefly, the cells were resuspended in lysis buffer and kept on ice for 10 min. Then, 50 μl of 2X reaction buffer containing 10 mM dithiothreitol was added to each sample. 5 μl of 1 mM substrate (DEVD-AFC or LEHD-AFC for caspase-3 or caspase-9, respectively) was added and incubated at 37 °C for 1.5 h. The samples were read on a fluorometer at 400 nm excitation and 505 nm emission wavelengths. The fold-increases in caspase activities were determined by comparing the results with the level of the control group.

Western blot assay
------------------

Cytoplasmic and nuclear protein samples were separated by protein extraction kits containing 1% phenylmethylsulfonyl fluoride (CoWin Bioscience Co., Ltd., Beijing, China).Western blots were performed using a standard blotting protocol, as described previously[@b53]. Equal amounts (10 μg) of protein fractions were separated by electrophoresis on 10% SDS-PAGE gels, and transferred into nitrocellulose membranes. Antibody binding to the membranes was visualized by enhanced chemiluminescence.

Immunofluorescence assay for collagen I
---------------------------------------

After treatment, H9c2 cells were fixed in 4% paraformaldehyde for 10 min, permeabilized with 0.1% Triton X-100 for 5 min, and blocked with BSA for 30 min at room temperature. Then cells were washed twice with PBS and incubated primary antibody for collagen I overnight at 4 °C, followed by FITC-anti-rabbit IgG second antibody and DAPI for 50 min. Fluorescent images were taken using a Leica DM 4000B fluorescent microscope.

Statistical analysis
--------------------

Data from at least three independent experiments were expressed as the means ± SD. Statistical comparisons between different groups were measured by one-way ANOVA followed by the Student-Newman-Keuls test. The level of significance was set at *p* \< 0.05.
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![Myr attenuated H9c2 cell death induced by AGEs.\
(**A**) Chemical structure of myricitrin. (**B**) Cell viability was assessed by the MTT assay. H9c2 cells were exposed to various concentrations of AGEs for 12, 24, and 36 h in the presence or absence (control) of myricitrin (**C**) The toxic effect of myricitrin on H9c2 cell viability was observed. (**D**) The protective effects of myricitrin on H9c2 cells exposed to AGEs (400 μg/mL). Values are represented as the mean ± SD. n = 9, \**p* \< 0.05 and \*\**p* \< 0.01 vs control group; ^\#^*p* \< 0.05 and ^\#\#^*p* \< 0.01 vs AGEs group.](srep44239-f1){#f1}

![Myr inhibited AGEs-induced inflammation and oxidative stress.\
(**A**) The expression of NF-κB signaling and TNF-α in H9c2 cells by immunoblotting analysis. (**B**) The relative expression levels of p-IKKβ, nuclear P65, and TNF-α in relation to β-actin were expressed in the bar graphs. (**C**) Intracellular ROS levels in H9c2 cardiomyocytes evaluated using a flow cytometer. (**D**) Representive images of ROS staining. Cells with red influorescence indicated elevated intracellular ROS level. (**E**) Immunoblotting analysis of Nrf2-mediated anti-oxidative enzymes in H9c2 cells. (**F**) The relative protein expression of Cyto-Nrf2, Nucl-Nrf2, HO-1, γ-GCS, and NQO-1 to β-actin were expressed in the bar graphs. n = 3, \*\**p* \< 0.01 vs the control group; ^\#\#^*p* \< 0.01 vs AGEs group.](srep44239-f2){#f2}

![Myr attenuated AGEs-induced mitochondrial injury and apoptosis in H9c2.\
(**A**) Representative images and bar graphs of JC-1 red/green cells and merges showed that Myr increased the ratio of red to green fluorescence intensity. Representative images and bar graphs of TUNEL-positive nuclei in green fluorescent colour (**B**) and representative images and quantitation of flow cytometry analysis (**C**) showed that Myr inhibited AGEs-induced H9c2 cardiomyocytes apoptosis. (**D**) The expression of apoptosis related proteins in H9c2 cells by immunoblotting analysis. (**F**) The relative expression levels of caspase-3, caspase-9, Bax, and Bcl-2 to β-actin were expressed in the bar graphs. n = 3. (**E**) Caspase-3 and caspase-9 measured by Fluorometric assay. n = 9. \*\**p* \< 0.01 and \*\*\**p* \< 0.001 vs the control group; ^\#\#^*p* \< 0.01 vs AGEs group.](srep44239-f3){#f3}

![Myr attenuated AGEs-induced fibrosis and hypertrophy in H9c2 cells.\
H9c2 cells pretreated with Myr for 12 h were incubated with AGEs for 36 h. Immunofluorescence staining for collagen I (**A**) and western blotting for collagen I and TGF-β1 (**B**) in the cells were performed. (**C**) Representative images for cell morphology analysis were obtained by light microscopy. (**D**) Real-time qPCR analysis for pro-hypertrophic gene expression was carried out n = 6. \**p* \< 0.05 and \*\**p* \< 0.01 vs the control group; ^\#^*p* \< 0.05 and ^\#\#^*p* \< 0.01 vs the AGEs group.](srep44239-f4){#f4}

![Myricitrin exerts cardioprotective effects by activating the PI3K/Akt pathway and Nrf2/ARE signaling.\
H9c2 cells were pretreated with the PI3K inhibitor LY294002 (50 μM) for 4 h, and then H9c2 cells pretreated with Myr for 12 h were incubated with AGEs for 36 h. (**A**) The expression of Akt, p-Akt, GSK-3β, p-GSK-3β, and Nrf2 signaling proteins in H9c2 cells by immunoblotting analysis. Quantitative analysis of the p-Akt/Akt expression level (**B**), p-GSK-3β/ GSK-3β expression level (**C**), and the statistical analysis of Nrf2, NQO-1 and HO-1 expression levels relative to the control group (**D**). \*\**p* \< 0.01 vs the control group; ^\#\#^*p* \< 0.01 vs the AGEs group; ^ΔΔ^*p* \< 0.01 vs the AGEs + Myr group.](srep44239-f5){#f5}

![Myr improved cardiac function and attenuated diabetes-induced cardiac pathological alterations.\
(**A**) Representative images of M-mode echocardiogram. (**B**) Bar diagram showing quantitative data of echocardiography parameters (LVVd, %EF, and LV mass). (**C**,**D**) Representative images of HE and Masson staining of heart tissue. (**E**) The levels of myocardial enzymes (LDH, CK and AST) were determined, n = 6. (**F**) Representative images and bar graphs of collagen I and TGF-β1 by western blot showed that Myr significantly inhibited cardiac fibrosis. n = 3, \*\**p* \< 0.01 vs the control group; ^\#^*p* \< 0.05 and ^\#\#^*p* \< 0.01 vs the model group.](srep44239-f6){#f6}

![Myr attenuated diabetic myocardial inflammation and promoted expression of Nrf2-mediated anti-oxidative enzymes.\
(**A**) The expression of P65, TNF-α, and Nrf2 signaling proteins in the diabetic heart by immunoblotting analysis. (**B**) IL-6 and TNF-α levels were determined by ELISA. n = 6. The relative expression levels of Cyto-Nrf2, Nucl-Nrf2, NQO-1, and HO-1 (**C**), as well as P65 and TNF-α relative to β-actin and Lamin B1 (**D**) were expressed in the bar graphs. \*\**p* \< 0.01 vs the control group; ^\#^*p* \< 0.05 and ^\#\#^*p* \< 0.01 vs the model group.](srep44239-f7){#f7}

![Myr attenuated apoptosis in the diabetic heart through activation of Akt signaling and inhibition of ERK1/2 signaling.\
(**A**) Representative images of apoptotic proteins and (**B**) bar diagrams showing that Myr effectively prevented diabetes-induced apoptosis. (**C**) The Akt, GSK-3β and ERK phosphorylation were determined by western blotting; densitometric quantification is shown in the bar diagrams (**D**). (**E**) Schematic illustration for the prevention of Myr from diabetes/AGEs-induced injury in cardiomyocytes and diabetic mice. n = 3, \*\**p* \< 0.01 vs the control group; ^\#^*p* \< 0.05 and ^\#\#^*p* \< 0.01 vs the model group.](srep44239-f8){#f8}
